The leading cause of climate change today is the burning of fossil fuels related to energy production. One approach to reducing greenhouse gas emissions, therefore, is to more actively switch to renewable technologies in the production of electricity, and reduce the use of fossil fuels in electricity production. This is the goal of renewable portfolio standard (RPS) legislation, currently in effect in 28 states across the country. In this paper we discuss the potential for water power development as one method to reduce US greenhouse gas emissions. We look at the potential from (1) new small/micro hydropower dams, (2) uprating facilities at existing large hydropower dams, (3) new generating facilities at existing non-hydropower dams, and (4) hydrokinetics. We analyze this potential by type, by state, and by its ability to satisfy current RPS goals. Finally, we consider the cost-effectiveness of developing these sources of water-based energy. We find that while water power will never be the complete answer to emissions-free energy production, a strong case can be made that it can be a useful part of the answer.
Introduction
Global warming is an increasingly prominent international concern. Reducing the greenhouse gases that contribute to global warming has therefore become an important public policy objective. Numerous proposals have been suggested to reduce greenhouse gas emissions, including implementing cap and trade markets, applying carbon taxes, and encouraging research and development into promising new energy production technologies such as fuel cells, ocean power, and ethanol. We are currently at the vanguard of discovering which of these methods will prove fruitful, politically palatable, and cost-effective in reducing greenhouse gases. As we proceed in the effort to reduce global warming, it is worthwhile to continue exploring all of our available options, to help diversify avenues of approach into this difficult and pressing problem.
The leading cause of climate change today is the burning of fossil fuels related to energy production. Another approach to reducing greenhouse gas emissions, therefore, is to more actively switch to renewable technologies in the production of electricity, and reduce the use of fossil fuels in electricity production. This is the main objective of the renewable portfolio standards (RPS) that are increasingly being passed in many states across the United States. In 2003 only three states had passed legislation implementing RPS, but by 2007 the number had grown to 28, and in that year even the House of Representatives introduced legislation to implement a federal-level RPS at 15% of electricity generation.
Renewable alternatives to fossil fuel use include solar, wind, geothermal, biomass, and hydroelectric power. Currently, hydroelectric power is far and away the main renewable in use, satisfying two-thirds of all renewable electricity production in the United States. It is a proven technology, with a number of benefits besides just emissions-free electric power. Hydropower is also entirely domestic, not relying on foreign imports for production, it is decentralized, and it has excellent reliability and energy efficiency properties. Hydropower is not without its detractions, of course, the main concern being its impact on fishery resources and local riverine ecosystems. But what is often underemphasized is that there are gradations of hydropower production, and ''small'' or ''micro'' hydropower systems have extremely minimal riverine impacts. Electric power is also being developed from non-traditional water sources (also called ''hydrokinetics''), including river and ocean currents. Even the larger, more traditional hydropower plants that do have negative riverine impacts, have been researched in recent years and promising improvements in turbine construction and refurbishment (also called ''uprating'') are leading to significant reductions in their environmental externalities. Ultimately, hydropower production in all its gradations needs to be analyzed and subject to benefit-cost considerations in order to determine its appropriate place in the pantheon of renewable alternatives to fossil fuel energy production.
In this paper we discuss the potential for hydropower development as one method to reduce greenhouse gas emissions. Hydropower will never be the complete answer to emissions-free energy production, but a strong case can be made that it can be a useful part of the answer. In this paper, we document the possible sources of additional hydroelectric power production across the United States, including potential coming from (1) new small/ micro hydropower dams, (2) uprating facilities at existing large hydropower dams, (3) new generating facilities at existing nonhydropower dams, and (4) hydrokinetics. 1 We look at this potential by type and by state. We then translate this increased hydropower production into emissions reductions, in total and in comparison to RPS goals across the country. Finally, we present a discussion of the benefit and cost considerations of developing this hydropower potential. What we find is that the qualitative benefits of hydropower production, after internalizing all the documented positive and negative externalities, has the real potential to outweigh the costs. More (particularly quantitative) research is needed, but a strong case can be made that increasing attention should be paid to hydropower production in our portfolio of strategies to reduce greenhouse gas emissions and address climate change.
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A history of hydropower
Hydroelectric power was first developed in the late 19th century. 2 In the United States some of the first street lights to be powered by hydroelectricity were near Niagara Falls, in New York.
Once the technical viability of hydroelectric power was established, hydropower production grew rapidly in the United States until, in the early 1900s, hydropower accounted for more than 40% of total US electricity supply (and more than 75% of electricity supplied in the West and Pacific Northwest). Large hydroelectric dams like the Hoover and the Grand Coulee were built in the 1930s, bringing the US economy much-needed depression-era jobs, and eventually supplying the US industrial sector with the power necessary to ramp up armament production in preparation for World War II. After the Second World War, hydropower's dominant role in the nation's overall electricity supply diminished. Today, hydropower generates between 7% and 10% of total US energy supply (see Table 1 ), and this percentage continues to diminish as a result of two primary forces: the lack of additional viable sites for new large hydropower development projects, and the increasing regulatory stringency of non-federal hydropower licenses, which, in an effort to protect riverine ecosystems, have often mandated reduced hydropower production levels (Kosnik, 2008) . In 2006 conventional hydropower capacity in the US was at 80,000 MW, or enough power to supply approximately 80 million homes per year.
3 Approximately 65% of this capacity is publicly owned (at both the federal and non-federal levels), and around 35% is privately owned (by both utilities and non-utilities). 4 The location of hydropower generation capacity in the US is not uniform (Table 2 )-nearly one-third of the nation's hydroelectric power production is located in the state of Washington alone, and more than half is located in the Pacific Contiguous Census Division, which includes California, Oregon, and Washington. This heterogeneous geographic availability of river resources in the US already affects the RPS in different states and will likely affect future interest in any type of hydropower reform or development. Around the world, hydropower's share of global energy production is higher than in the US, averaging 17% (Table 3) , and in some countries, such as Canada, Brazil, Norway, and New Zealand, hydropower is actually the primary source of electricity production.
The mechanics of hydropower
Hydroelectric power is produced through the kinetic energy of falling water. Water is first diverted from a riverway, or impounded by a dam, and is then steered through a penstock to a turbine, which rotates from the force of the falling water. The amount of water flow along with the degree of water pressure (or ''head'') together determines the amount of mechanical energy generated by the turbine. Generators are connected to the turbines that rotate and turn the mechanical energy into electrical energy, which is then conducted along transmission lines to the ultimate point of use. There are three general size classifications of hydropower plants: large, small, and micro.
5 Large hydropower 3 One megawatt of power roughly translates into enough energy to satisfy the average power needs of 1000 homes. 4 If measured by number of plants (as opposed to capacity) the numbers come out nearly reversed: 31% of projects are controlled through public ownership, while 69% of projects are controlled through private firms. 5 The exact numerical definition of these size classifications can vary by publication (also, ''micro'' is sometimes referred to as ''low''). The following definitions are based on data categorizations used by the US Department of Energy.
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plants are those that generate more than 30 MW of power, small hydropower plants generate between 30 and 1 MW of power, and micro hydropower systems produce less than 1 MW of power, enough to supply a small village or town.
Background
Large hydropower plants constitute most of the current capacity of hydropower production worldwide, and so it is the discussion of these projects that is implied whenever arguments are made over the relative benefits of hydropower capacity development. The most contentious aspect of large hydropower dams is their environmental impacts on local rivers, most specifically, on fish mortality. 6 When a large hydropower facility is built, the composition of fish in a river changes. Net numbers of fishery resources actually may not diminish (as certain fish thrive in reservoirs and the altered water flows downstream of a dam), but indigenous fish, particularly those that migrate (such as salmon, trout, sturgeon, lampreys, shads, and others), are often severely impacted by the obstacle of a large dam. The dam blocks the passage of adult fish migrating upstream to spawn, as well as the movement of juvenile fish downstream towards the ocean. Because upstream passage is primarily undertaken by strong, healthy, powerful adults, methods that have been developed to pass fish upstream, for example fish ladders, fish elevators, or fish lorries, are relatively effective. It is the downstream migrating juveniles that are the biggest mortality risk of large dams, and methods to pass them (including spillways and bypasses) are not, as yet, entirely effective. Significant declines in native fish species due to large dam development have been cited, for example, along the Columbia River (Connor et al., 2003) , the Snake River (USACOE, 2002) , and the Mississippi River (Ickes et al., 2001 ). The construction of large, traditional hydropower plants has essentially stalled in the US because of these negative riverine impacts.
7 Fig. 1 (Fig. 2) . Additionally, even very small micro hydro systems, at about 18 kWh, will produce more power than many (also more expensive) photovoltaic systems. Small and micro hydropower development is taking place worldwide; China now has more than 43,000 small hydro facilities producing more than 19,000 MW of electricity (MNRC, 2004) , and more than 100 other countries have constructed small hydro plants in recent years (Voros et al., 2000) . In the United States, the Department of Energy (DOE) completed a study in 2006 on the possibilities for small and micro hydropower development across the US and found a total available capacity, for facilities generating less than 30 MW of power, of more than 275,000 MW. 9 This is nearly three times our current hydropower production. This capacity is also distributed across the United States (Fig. 3) . And this is only small hydro. While the benefits of new large hydro development is questionable in the United States, efficiency improvements at existing dams, or what is called ''uprating'', has the potential to increase hydropower production by as much as 50% (Veltrop, 1997) . This is without any increases in reservoir size or dam size, while, through improved turbine technology, at the same time diminishing impacts on fish mortality levels. The increasing cost of energy and the need to find fossil fuel alternatives, combined with the concern over fishery impacts of large dams, has led to a considerable acceleration of research over the last decade into technological improvements for fish passage ARTICLE IN PRESS Typical generation service over a 24 h period from sun, wind, and water. Source: Davis (2003) . Note: An anonymous reviewer pointed out that the fluctuations in wind power can be even more severe when measured over weeks, as opposed to just 24 h. 8 There are other factors besides size that can affect the environmental impact of a hydropower dam, most importantly, mode of operation. If a dam is operated with a fluctuating storage reservoir, while this will generate more electricity (as well as other ancillary benefits) at more valuable times, it will also lead to greater environmental harm than a purely run-of-river (i.e. non-storage) dam operation. Small dams tend to have less environmental impact than large dams not just because of their size but also because in practice they often tend to be run-of-river plants. 9 The report actually produces estimates of ''mean annual power'', which is not the same as capacity. Capacity is based on installed turbines, while mean annual power is based on flow conditions. As is done in other DOE reports, we convert mean annual power into capacity by a multiplicative factor of two.
and protection. 10 At Wanapum dam in Washington State, for example, a new advanced design turbine is providing increases in power output of 14%, a water use efficiency gain of 3%, and fish passage survival of 97.82%-a record (Brown, 2006) . These new turbines are admittedly expensive, but as the cost of energy increases, such options become more cost-effective. Uprating has the added benefit of extending the service life of many power plants, making it even more cost-effective over the long run. The Low Impact Hydropower Institute, a non-profit organization ''dedicated to reducing the impacts of hydropower generation'', 11 has developed a program that provides certification for development of hydropower at existing dams that can be done in an environmentally acceptable way. As of 2007, they have certified 28 facilities, in 19 states, producing nearly 2000 MW of power. It is also possible to develop new hydropower facilities, but at already existing dams. The National Inventory of Dams documents over 79,000 dams in the United States. Less than 3% of these currently have developed hydropower capacity; most of the dams were built for other purposes including irrigation, navigation, municipal water supply, or flood control. Adding hydropower facilities to these dams would add relatively little in additional negative environmental externalities, but has the potential to generate substantial increases in renewable energy.
12 Not all facilities could profitably be developed, of course, and studies would need to be conducted at the individual site level to determine capacities and realized environmental effects, but even a slight increase in development of existing dams for hydroelectric power production could lead to large increases in renewable energy production. There is a history of cost-effective private development of new hydropower facilities at existing federal dams (Bahleda and Hosko, 2007; Perspectives on Hydropower: Federal Organizations Share Views, 2003) . Such development could be repeated and encouraged to reduce emissions generated from fossil fuel-based energy production.
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Finally, the future holds promise with a number of emerging technologies that utilize river and ocean water to develop emissions-free, environmentally benign electric power. Hydrokinetics is the study of fluid in motion, and it is being developed to access the energy in river, tidal, and ocean currents to generate electric power. Early estimates are that these sources could provide, at a minimum, an additional 23,000 MW of power in the United States (Bahleda and Hosko, 2007) . Hydrokinetic and wave energy technologies require no impoundments, so the environmental externalities associated with dam construction and reservoir creation not relevant. While these technologies are still very new, prototypes are popping up with increasing frequency, in New York, Washington, Oregon, California, and Florida. In 2006 FERC received over forty applications for preliminary permits for potential hydrokinetic projects, and in 2007 FERC issued a notice seeking public comment on how to streamline permitting and licensing of these new facilities. In this paper we will not be analyzing these new technologies in any depth, but they are worth noting for the additional renewable energy that they could provide, based on the power of water.
In the next section we review the additional electricity generating potential of hydropower from the following sources: (1) new small/micro hydropower dams, (2) uprating facilities at existing large hydropower dams, (3) new generating facilities at existing non-hydropower dams, and (4) hydrokinetics. 10 The DOE's Advanced Hydropower Turbine System Program is one example of the R&D efforts now underway to design turbines for large dams that will reduce fish mortality levels (Cada, 2001 
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Data
Small/micro
In the early 1990s the DOE began a concerted effort to assess the total amount of undeveloped hydropower resources within the United States. This was part of a larger National Energy Strategy, intended to identify all available energy resources within the United States that could help satisfy the economy's growing energy demands. In 1998 the first report came out (USDOE, 1998), concentrating on conventional (i.e. large) hydropower capacity development. It was based on a compilation of previously identified developable sites, the source data coming from existing state-level and federal-level databases. Understanding that environmental concerns limited the development of much of this reported potential, the next report (USDOE, 2004) concentrated on identifying new sites with the potential for smaller scale development. The unique assessment method identified new, as well as previously known, sites. It combined digital elevation models with GIS tools to estimate the power potential of a mathematical analog of every natural stream segment in the country. The gross power potential of each site was then defined according to the annual mean flow rate of the associated reach and the gross hydraulic head (which equaled the elevation difference between the upstream and downstream ends of the, on average, 2-mile reach). 14 This gross power ''potential'' was then revaluated in 2006 (USDOE, 2006) along a number of dimensions. First, the gross power potential was reduced by that which was located in excluded zones; land protected from development by federal statutes and policies, or because of known environmental sensitivities. Areas excluded included national parks, national monuments, areas around and including national wild and scenic rivers, national preserves, national wildlife refuges, national wilderness areas, and wildlife management areas. The remaining power potential is referred to as gross power ''available''.
Next, the 2006 report identified all available resources by their feasibility. The practical feasibility of development at each site was based on three criteria: (1) site accessibility, (2) load or transmission proximity, and (3) the existence of land use and environmental sensitivities that would make development unlikely. The third criterion was based on data from the Conservation Biology Institute. It includes areas with some form of permanent protection from conversion of natural land cover, for example, ecological reserves, botanical reserves, national recreation areas, scenic recreation and research areas, conservation easements and local land trusts, fish and game management areas, military reservations, state memorials, and state parks. 15 Finally, ultimate estimates of the power potential at each site were made based on a rigorously environmentally ''friendly'' development model. The model was of a penstock running parallel to the stream, culminating in a powerhouse whose tailwater returned the working flow to the stream. No dams or impoundments of any kind that would obstruct the watercourse of form a reservoir were assumed. The model also made sure to never utilize more than half the water flow of the waterway for electricity generation. Penstock lengths were limited as well. The final estimates produced by this model, therefore, were extremely conservative, but also extremely environmentally sensitive.
16 Table 4 reproduces the results of these analyses. The small and micro ''potential'', ''available'', and ''friendly'' gross power numbers are presented for each state in the country. 17 There is a total of more than 180,000 MW of small hydropower capacity available for development, 90,000 MW of micro hydropower. Concentrating on just the most environmentally sensitive production, there is a combined total of nearly 60,000 MW, a 75% increase from current renewable hydropower production levels. The western states continue to dominate in environmentally friendly gross power, as they do with potential gross power (which can more easily be seen in Fig. 3 ), but smaller resources are still located in every state in the country. There is clearly a large potential for small and micro hydropower development across the United States.
Uprating
Uprating is the improvement of power output at a hydropower facility through efficiency enhancements, often through turbine replacement. Estimates of the uprating potential of current hydropower facilities in the US vary widely. Some have been given as low as 8% of current output (USDOE, 1998), others as much as 50% of current output (Veltrop, 1997) .
18 Table 5 provides a breakdown, by state, of the low estimate produced by the DOE. This is a conservative estimate as it does not include any pumped-storage facilities, it is based on estimates from conventional hydropower capacity only, and it is static as of 1998-important technological breakthroughs in turbine efficiency have been made in the last decade since the report was published. The report provides an estimate of nearly 7000 MW of additional capacity from efficiency improvements. The DOE report then goes further, by taking the initial uprating ''potential'' estimates and reducing them by environmental considerations, such as whether the location of the facility is considered wild or scenic, whether the location has cultural value, protected fish or wildlife presence, geologic value, or historical value. After reducing the gross potential by these considerations, the final environmentally ''friendly'' uprating total estimated by the DOE is nearly 4000 MW. As usual, much of this potential is located in the West, in states such as Idaho, California, Montana, and Washington. But there is still uprating capacity available in many other areas. The potential to benefit from uprating capacity improvements is nationwide.
New generation at existing dams
The DOE's 1998 report also included estimates of the power potential at ''developed'' sites (i.e. those that already have some type of developed impoundment or diversion structure), but that are not currently producing any power. This report concentrates on conventional, or relatively large, hydropower facilities only, and so the estimates given are certainly conservative of any total additional hydropower potential available nationwide. 19 The National Inventory of Dams documents thousands more dams than were considered in the DOE's 1998 report, many of which are likely viable for, at least small, hydropower capacity installation. The first column in conservative estimates of additional hydropower capacity available due to new generating potential at existing large dams. The total is close to 30,000 MW, or an additional 38% of current hydropower capacity in the United States. The second column in Table 6 reduces this gross ''potential'' by environmental constraints, similar to the ones listed above in the discussion on uprating. If a location is considered wild or scenic, has cultural value, geologic value, historic value, or protected fish or wildlife species, then development was considered highly unlikely. The environmentally ''friendly'' estimate of hydropower capacity additions to existing large dams is therefore closer to 17,000 MW.
Hydrokinetics
The data on hydrokinetic potential nationwide are still very preliminary. Estimates have ranged from minimums of 23,000 MW (Bahleda and Hosko, 2007) to maximums of 400,000 MW (Bedard, 2006) . Any potential power will be located primarily along the coasts, where current wave and tidal prototypes are being employed, but future hydrokinetic technologies will also take advantage of the wave power in streams and rivers. This will benefit many of the inland states. Unfortunately, there are too many current uncertainties to try and break down these power potential estimates by state. Table 7 brings together Tables 1-6. 20 It provides the upper (''total potential'') and lower (''total friendly'') bounds of potential water power available per state from all sources (minus any hydrokinetic potential). It then translates these totals into carbon emissions saved. The conversion process employs a couple of important assumptions. First, it assumes that any additional hydropower developed would replace electricity generation from fossil fuel use. Power generators generally have a portfolio of generation assets available for supplying electricity, including coal-fired plants, gas-fired plants, petroleum-based plants, and renewables; determining exactly which plant(s) in particular would be replaced if additional water-based resources were developed is complex (Sale and Hadley, 2002) . The answer depends in a heterogeneous fashion across utilities, across time, and certainly across space. 21 Rather than try to determine the exact replacement plants for every power generator in the country (a paper unto itself), we assume that any additional hydropower generated from the reserves listed in Table 7 will be in lieu of electricity generated with some form of carbon emissions. The impetus for RPS legislation nationwide is essentially to replace fossil fuel-generated electricity with electricity generated from renewables. Our estimates assume, therefore, the replacement of water power for an average of the top carbon-emitting fossil fuels (coal, natural gas, and petroleum products). This implies that our numbers will be underestimates if a certain region of the country relies primarily on coal-fired plants; similarly, our numbers will be overestimates if a certain region of the country relies on relatively less carbon-emitting gas-fired plants as their swing production plant. Our second important assumption is that water-based plants operate at a capacity factor of around 90%. Capacity factor is the percentage of time a generating facility is actually in use, as opposed to its total potential operating capacity. Plant factors of around 50% are sometimes assumed for the average fossil fuelbased generating plant (Sale and Hadley, 2002) , but the environmentally friendly hydropower discussed in this paper is for the most part run-of-river, nearly constant, base power. Assuming factor capacities of around 90% is not anomalous.
Emissions saved
ARTICLE IN PRESS
22
The conversion process from megawatts potential produced to emissions saved is conducted in three steps. First, megawatt capacity is translated into kilowatt hours produced. 23 Then, an estimate is made of the pounds of emissions (E) avoided per kilowatt hour of electricity generated through hydropower. The conversion equation is E ¼ XY, where X is the average carbon dioxide emission factor for coal, natural gas, and oil (per Btu), and Y is the heat rate conversion factor of Btu per kilowatt hour. 24 The final value for E used in Table 7 is E ¼ 1.724 pounds of emissions per kWh. Finally, E is multiplied by the measure of kilowatt hours produced, and then converted to metric tons to produce the two emissions avoided column estimates, ''emissions potential'' and ''emissions friendly''. The final column in Table 7 gives actual 2003 emissions data from each state, as a comparison against the potential emissions avoided as a result of increased hydropower production. If all environmentally friendly hydropower resources were developed (our conservative lower bound), this would result in an 8.5% reduction in total US carbon emissions. 25 That is significant. Some states have an ability to reduce emissions levels beyond what they even produce (for example Alaska, Idaho, Montana, Oregon, and Washington), so the 8.5% figure is only possible if electricity supply is fully transferable across state borders, which is somewhat unrealistic. In practice, this means that the 8.5% estimate is high. However, as a forward-looking goal, this number provides initial evidence that gains in reducing greenhouse gas emissions can be achieved if additional hydropower development is pursued. These gains can also be achieved in an environmentally friendly fashion, and in just a few years; unlike many other renewables, the technology for hydropower development is firmly established.
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Finally, Table 8 compares total friendly electricity production from water power with RPS goals across the country. As of 2007, only 28 states had enacted some form of RPS legislation, and the goals for each are quite heterogeneous; some states require that RPS apply only to public utilities, others that they apply only to particular private utilities. Some RPS ramp up in degree over time, others do not. A few (in particular, Massachusetts) even make a point of excluding new hydropower production as a viable renewable. What all these RPS do have in common is that they are still very fresh and implementation is uncertain. Some RPS goals, in fact, are actually voluntary, as in Missouri and Virginia. The second column in Table 8 provides estimates of the maximum electricity supply required to be produced from renewables to achieve state-level RPS goals, applied to 2006 levels of electricity consumption. Many states can achieve over 50% of these goals with additional environmentally friendly hydropower production alone, including California, Colorado, Hawaii, Iowa, Maine, Massachusetts, Missouri, Montana, New Hampshire, New Mexico, New York, North Carolina, Oregon, Pennsylvania, Rhode Island, Virginia, Washington, and Wisconsin. The final column in Table 8 provides the renewable electricity supply that would be required if Congress passed a federal-level RPS goal of 15%. Thirty-four states would be able to achieve more than 50% of this goal with additional friendly hydropower production alone.
Benefit-cost considerations
Clearly, environmentally friendly hydropower production has the potential to contribute to a solution for reducing climate change. What has been left out of the discussion so far, however, is a more thorough comparison of all of the benefits, and costs, of increased hydropower production. Efficiency demands a look, not just at the benefits of any new renewable energy resources, but at the cost of their development as well. If development costs turned out to be many times the cost of photovoltaic cells, for example, it would be a waste of resources to produce even environmentally friendly hydropower production, despite the reductions in carbon dioxide emissions levels it would imply (as these same reductions could be achieved elsewhere, and more cheaply). Table 9 presents a list of the main categories of costs and benefits for all types of new water power production discussed in this paper. Quantitatively measuring each of these items, for each resource, is beyond the scope of this paper. Instead, we present a more qualitative discussion of each of these items to give the reader a general feel for their relative importance.
Benefits
All of the hydropower resources considered in this paper have the following four categories of associated benefits: electricity production, carbon dioxide emissions avoidance, decentralization of power resources, and reliability and flexibility of power Measurements are in megawatts (MW).
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25 If all potential hydropower resources were developed (our current upper bound), this would reduce US carbon emissions by 50%. 26 The regulatory and licensing requirements surrounding practical development of any water-related electrical facility can, however, delay implementation for up to several years.
resources. As a group these benefits have significant value. First, electricity production is fundamental in maintaining a growing economy. Demand for electricity is unlikely to diminish anytime soon, and power companies are currently scrambling to find ways to enhance supply. As the market prices for fossil fuels, the main alternatives to source production for electricity, increase, the value of the electricity produced from hydro resources also increases. In 2007 the average retail price of electricity across the United States, to all sectors, was 9.44 cents per kWh. Applying this figure to the total friendly hydro capacity documented in Table 7 gives an approximate value to the annual electricity produced of $66 billion.
27
The carbon dioxide emissions avoided from increased hydro production can also be roughly estimated. Carbon dioxide exchanges (such as the Chicago Climate Exchange and the EU Emission Trading Scheme) have produced highly variable rates for carbon dioxide emissions credits, from less than $1.00 per ton of carbon dioxide emissions avoided, to over $50.00 per ton. 28 In the United States, ''Green Tags'' produced by the Bonneville Environmental Foundation and sold to individuals to offset their personal carbon emissions offer electricity offset prices ranging from $20 (for wind green tags) to $56 (for solar green tags). If we assume a middle value for carbon dioxide emissions reductions of $30 per ton, the friendly emissions reduction potential documented in Table 7 has a market value of $20.6 billion.
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Valuing the decentralization of power resources across the country is trickier, because it requires estimating a market value for something that is not sold in a traditional exchange. The decentralization of power resources has value because it makes the US less dependent on the vicissitudes of foreign governments for fossil fuel supplies, because decentralized power resources are more reliable (if a few small hydro plants go offline, this in unlikely to lead to mass power outages), and because geographically dispersed resources are less vulnerable to system-wide disturbance or attack. 30 In essence, decentralized power resources have significant positive national security and reliability externalities, but putting a numerical value on this benefit is theoretically difficult (Mignone, 2007; Greene and Leiby, 2006) . Finally, hydropower is known for its flexibility in smoothing supply in the overall electricity industry (recall Fig. 2 ). Because hydroelectric power can be generated within minutes, and most other forms of electricity production have start-up lags of half an hour or more, hydropower production is extremely important for taming spikes in spot electricity prices (Kosnik, 2008) . This function applies primarily to the larger hydro facilities, but even smaller facilities that generate power continuously can easily direct that power from a battery backup, straight to the grid. Hocker (1992) has found that many utility companies value their hydropower resources at least as much for their reserve benefits, as for the raw power that they produce.
31 Recent sales of hydropower generating assets have found that their final sale prices have come out above their book value, implying a premium (Lasky, 2003) . 29 This is equivalent to removing 52.8 million passenger cars from the roads, where a ''car equivalent'' in emissions reductions is calculated from the emissions of a typical passenger car traveling 12,000 miles in a year at an average fuel efficiency of 22 mpg (Sale and Hadley, 2002 but the flexibility qualities of hydropower are applicable to non-pumped-storage plants as well (Hirst, 2005) .
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for hydropower-specific generating assets that is likely attributable to these reliability and flexibility benefits (Hydro Currents, 1999) . The other hydropower benefits mentioned for some types of hydropower sources, including flood control, navigation benefits, recreational benefits, and irrigation benefits, are site specific and likely to be minor relative to the previous categories of benefits mentioned. Large hydropower facilities are often cited as having many of these extra benefits, but uprating and new development at existing dams will likely not add anything to what is already being produced. And while small and micro hydropower facilities, by creating access points to rivers, may marginally increase the ability to simultaneously use these resources for recreation and irrigation purposes, the total benefits are likely to be small. Hydrokinetic facilities, meanwhile, have none of these additional miscellaneous benefits.
In sum, if the pantheon of benefits to additional hydropower resource development were quantitatively estimated, the value would likely increase hydropower's current market value by at least 50%. 
Costs
Every form of hydropower production discussed in this report is subject to some form of regulatory oversight, either by FERC, or from state and local environmental quality boards. The costs of licensing and compliance with regulatory oversight can vary for each project, from next to nothing for small sites exempted from federal-level oversight, to many millions of dollars, generally for larger facilities (Kosnik, 2006) . There is a growing awareness that these costs may be retarding development of some important renewable resources (Perspectives on Hydropower: Federal Organizations Share Views, 2003) , and so, in part spurred on by provisions in the 2005 Energy Bill, regulatory agencies (including FERC) are currently investigating reform of the oversight procedures associated with the additions to hydropower capacity described in this report. At the moment, however, licensing and regulatory costs related to the additional development of hydropower capacity have the potential to be significant (Kamberg, 2005) .
The construction costs associated with additional hydroelectric capacity vary by type. Building new small and micro hydro facilities is an extremely site-specific endeavor. Most experts estimate that only 25% of the costs of a small or micro hydro facility can be determined in a general way from fixed costs; over 75% of the total costs depend on location and site conditions.
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Sample facilities that have already been constructed produced installation cost estimates that ranged from $2100 to $15,000 (Davis, 2003) . The most that can be said in a general way is that some small and micro hydro facilities will have relatively low construction costs, while others will not. The environmentally ''friendly'' hydropower capacity numbers used in Table 4 imply costs on the lower end of the scale, as these numbers were produced from facilities constrained to be developmentally feasible, including proximity to roads and existing transmission lines.
The construction costs associated with uprating capacity potential vary by whether the efficiency improvements come from simple measures (such as switching from error-prone manual, to more accurate computer controls, of gates, switches, and monitoring equipment), or from something more complicated, like full turbine replacement. In the first instance, additional capacity can be gained at as low as half the cost of new hydro capacity (O 'Connor, 1993) ; in the second instance, installing the newest, most efficient large hydroelectric turbines can cost many hundreds of thousands of dollars.
Estimates of the construction costs associated with installing hydroelectric capacity at currently existing dams are hard to find. This is likely because, as with small and micro hydro facilities, the installation costs vary according to specific site characteristics. Final costs will also depend on the size of the capacity additions to be made. Bahleda and Hosko (2007) provide an example of power developed by private investment at a federal facility, where the cost came to a reasonable $1500 per kW of capacity; one would assume that such additions are possible in other instances in a similarly cost-effective fashion.
The construction costs of hydrokinetic facilities are currently very high. This is because hydrokinetic electric power is still in the development stage, and the large turbines, buoys, and other necessary mechanical equipment are still experimental prototypes. Many companies investing in hydrokinetic facilities currently receive large parts of their funding from government grants and foundational support. In the future, once the technology has been developed and refined, installation costs of hydrokinetic facilities are expected to diminish and to become as cost-effective as traditional hydroelectric plants. At the moment, however, this is only speculation.
The operation and maintenance (O&M) expenses for all of the hydropower sources cited in this report are minimal. Small and micro hydro facilities have operational lives of over 50 years and the only maintenance required is periodic cleaning of the intake facilities (to free them from brush and other river debris) and the occasional belt or gear replacement. Uprating certainly requires no new O&M costs beyond what is already being incurred to run the original facility-if anything, these costs can even decline if some of the efficiency improvements lead to a tighter run operation. Existing dam development also has minimal operating and maintenance costs, as with any hydroelectric power facility. Finally, hydrokinetic power plants are also expected to have long lives and, as with traditional hydroelectric power, minimal periodic O&M costs.
The negative riverine and oceanic effects of the hydropower sources under discussion are also minimal. The entire point of the ''friendly'' hydroelectric capacity numbers produced by the DOE, and utilized in this report, was to report only that potential with minimal to zero negative riverine impacts. Small and micro hydropower facilities have such a small footprint because they are able to leave significant water resources in-stream to maintain riverine integrity. Hydrokinetics has been criticized for a possible ''cuisinart'' effect, whereby turbines in the ocean attract fish life and kill and chop them up. This will likely happen to some degree, but it is doubtful that it will happen to any sort of a significant degree. 34 An analogy can be made to the effect of wind turbines on birds. Some birds do indeed fly in the way of wind turbines and are maimed or killed in the process, but not enough to significantly effect any known avian species. In summary then, the largest, and most significant, unknown in relation to costs are the licensing and construction costs, for each type of hydropower technology discussed. A worthwhile future research agenda would be an attempt at a more in-depth
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32 This implies a ball-park estimate for the positive externalities of reliability and flexibility of at least an additional 20% of the market value of the electricity currently produced.
33 Important cost-determining parameters include ground soil type, head versus flow ratio, the length of penstock required, if the penstock must be winterized and buried, and the length and type of transmission line required. 34 A prototype in New York (RITE-The Roosevelt Island Tidal Energy project) estimated the probability of fish being injured be their rotating turbine blades at only 0.004-0.457%.
analysis of the heterogeneous construction costs, per site. Until that is done, we really cannot know how costly development of these resources would be. However, it is unlikely that the development costs, for every available site, would be more than 50% the current development costs of hydroelectric power. From our earlier analysis of the benefits of increased hydropower capacity, we roughly determined that the total, including all positive externalities, likely increases the current market value of hydropower by at least 50%. Therefore, costs can also be increased by at least 50% of a conventional facility while still maintaining social cost-effectiveness. In addition, as climate change concerns grow, and as fossil fuel prices maintain their upward trends, whatever the ultimate costs of increased hydropower capacity are, they are becoming most cost-effective by the day.
Conclusion
This paper has reviewed the role that water-based electric power generation can play in reducing the greenhouse gas emissions that lead to climate change. Ranges of estimates of potential developable new electrical capacity were produced, in particular, for electricity coming from small/micro hydropower facilities, from uprating at existing hydropower facilities, and from installing new facilities at existing non-hydropower dams. These estimates were then turned into potential emissions saved if the facilities documented were actually developed, as well as the ability of this capacity to satisfy RPS goals across the country.
Many assumptions had to be employed to come up with the numbers documented in this report, some of which imply the numbers are underestimates (for example, not including municipal conduit potentials to the numbers for new facilities at existing dams, as well as not attempting to measure the potential from hydrokinetics whatsoever); others of which imply the numbers may be high (for example, capacity factor assumptions and swing electricity production deriving from a non-weighted average of all fossil fuel plants). Additional research refining these assumptions would certainly be beneficial in aiding our understanding of exactly how much, and to what degree, the various forms of water power can contribute to a solution to climate change. 35 As a preliminary estimate, however, the results presented in this paper clearly show that hydropower can play a significant role in reducing US carbon emissions, anywhere from 8.5% to 50% of 2003 emissions levels, and satisfying as much as 50% of current RPS goals for 18 states in the country. 36 Recent polls have found that the great majority (84-90%) of US citizens have rather positive opinions of hydroelectric power (Restructuring and Regulation: Seeking the Rewards and Avoiding the Perils, 1999). 37 Hydropower's social benefits also extend beyond those discussed in this paper, including the avoided production of additional harmful emission types, including sulfur dioxide, carbon monoxide, particulate matter, volatile organic compounds, lead, methane, and others. Currently, the primary practical constraint to developing many of these documented water-based resources appears to be a complex regulatory environment. After nuclear power, hydropower is the most regulated of any electrical energy source (Kosnik, 2008; Barnes and Byers, 1997) . Water resource development sites generally have to gain approval not just from the federal government (through FERC), but also often from state and local environmental and water quality boards. This can be a timeconsuming, expensive, not to mention repetitive process. For some facilities, this process can be beneficial in airing out the potential consequences of developing a particular water power site, adding legitimacy to the political process of approving new electrical resources. But for other facilities, it is enormously inefficient (Kamberg, 2005; Barnes, 1993) . There is a growing consensus that the regulatory environment surrounding water power development, historically formulated from experiences with large, traditional hydropower dams, needs to be reformulated to address the contemporary, unique circumstances of small/ micro hydropower plants and the newer forms of water power development such as hydrokinetics and uprating.
Hydropower will never be the complete answer to the problem of carbon emissions and global climate change; even at its utmost potential it cannot eliminate all our carbon emissions or satisfy 100% of the various state RPS goals. But the technology exists now, and in a more mature form than any other source of renewable energy. This paper documents that the resources to implement more of it, and in an environmentally friendly manner, are also widespread and diversified. The social benefits to increased hydropower production are too many not to give the power of water greater attention as we seek to both maintain electricity supplies, and reduce our impact on the global environment.
